Abstract-An aerial manipulator system consisting of a quadrotor UAV and a one-DOF manipulator is introduced for contacting operations in the air. As the system is interacting with external environment to do some operations, there will exist contact force. According to the practical aerial contact manipulation features, it is known that an aerial manipulator usually performs operations as the UAV platform is in hover flight or nearby. To realize controlling the force, the hovering UAV acting as a spring-mass-damper system is firstly proved. Then, based on the derived model and the impedance control algorithm, a contact force control method is presented. That is, the position error is controlled in order to control the contact force ultimately. The actual flight experiments show that the developed system is enable to realize the contact force control without a force sensor.
I. INTRODUCTION
During the past decades, research and application of unmanned aerial vehicles (UAVs) have been a very popular field of study and achieved fruitful results. Now they are playing an important role in reconnaissance, surveillance and intelligence for military and civil application, and almost all of them are for visual inspection and non-contact application [1, 2] . However, traditional ground and underwater robots have shown their powerful functions when mounting a robot arm on the body platform. Based on the same idea, aerial manipulation becomes a research trend that has recently received great attention in the field of aerial robotics. Aerial manipulator system as shown in Fig. 1 , consisting of a UAV and a one or multi degree of freedom (DOF) robotic arm, greatly increases the utility of both the manipulator and the UAV in 3-dimensional (3D) space including operations in the air.
Aerial manipulators can exploit their capability to physically interact with the environment in order to manipulate target objects, exert force on the environment and use tools in realistic applications. However, for aerial manipulators contact operations, there exists two key problems plaguing their development, which need to be addressed before reliable use of such technology becomes possible [3] . One is the steady contact from UAVs free flight to contact mode. The other is sustained and stable contact force control when interacting with the environment. In recent years, a lot of researchers are trying to solve these two problems in order to broaden the application of aerial manipulator. Guangying Jiang in Purdue University fulfilled a physical interaction task with a specially designed fullyactuated UAV platform [4] . Gareth Dicker from McGill University presented a collision recovery pipeline which controls propeller protected quad-rotors to recover from collisions [5] . Carl John Salaan in Tohoku University proposed a new mechanism that allows physical interaction and power tethering while the UAV is well-protected and has a good flight stability [6] . Bartelds from CTIT Institute in University of Twente designed a special two-DOF manipulator to compensate for pitch movements of the UAV and convert kinetic energy into potential energy to perform highly dynamic physical interaction tasks [3] . Wopereis also in Twente University presented a novel control algorithm that uses an LQR-optimized state feedback on the roll and yaw angle while a UAV is in contact [7] . In order to perform safe and reliable operations in the air, Emil Fresk from Lulea University of Technology used a geometric controller with the estimated center of gravity (COG) to compensate and remove constant offset in the process of aerial manipulators position tracking [8] .
Although a lot of work has been done in dynamics model of aerial manipulator and in the meanwhile different control strategies also show their effectivity to some degree to deal with the complex robot system, little work has been done to control the contact force as the system physically interacts with the environment. Traditionally, to achieve force control, a force sensor is necessary [9] . And the principle of a force sensor is usually based on micro deformation. But the positioning precision of commercial UAV is not less than 2 cm from experience. That means measuring the contact force by a force sensor may lead to a big measuring deviation, which can also reduce control precision of the system.
To avoid these problems above, a force-sensorless contact force control strategy for the aerial manipulator system is presented in our research, which has been applied on a quadrotor aerial manipulator as shown in Fig. 1 . According to the practical features of aerial manipulation, an aerial manipulator usually performs interaction operations as the UAV platform is in hover flight. Additionally, plenty of experiments show that, with the help of a position control loop, a hover flying UAV behaves like a spring under an external force effect. That is, a certain external force exerting on a hovering UAV will cause the UAV deviates away from the desired hovering position, and after this external force disappears, the UAVs actual position will get back to the previous desired value. Based on this characteristic, our research controls the aerial manipulator to work as a spring-mass-damper system [10] . Then the idea of impedance control method is integrated into the process of contact force control, to realize controlling the force by controlling system position [11, 12] . That is, the position error is controlled in order to control the contact force ultimately.
In this paper, an aerial manipulator system is introduced firstly. And to realize contact force control, the system model is then presented in Section II. Based on the model, the force control method is introduced in Section III. In Section IV, aerial experiments of contact force control are shown. Then, our conclusion and future work are introduced in the last. The presented control strategy for aerial manipulator in this paper shows good performance in contact force control.
II. SYSTEM AND MODEL

A. Aerial Manipulator System
A one-DOF aerial manipulator system is designed in the following as shown in Fig. 2 . Its aerial platform is a quadrotor UAV, which is commercial available. The employed autopilot is the Pixhawk open-source flight controller [13] . A link rob, made of carbon fiber tube, extends outside the rotors effect area to avoid the risk of collision and also used for operating purpose. Note that a KingPROM ZHLBM-20 single axis force sensor is still installed at the end of rob to measure the contact force exerted on a target object, although it is not used in system controller design. And the sensor can be interfaced with Pixhawk autopilot via data processing conversation board. A small contact plate, also made of carbon fiber, is connected on the force sensor for reducing the sliding motion and for firmly contact. A large torque servo is used to drive the link rob, providing a rotational degree of freedom for this one-DOF manipulator. A battery can be moved forward and back to balance system center of gravity before taking off for stable flight. Some other basic structure parameters are provided in TABLE I. 
B. Model
The one-DOF manipulator is made of carbon fiber material. So its mass can be neglected, and implies CoG of the UAV to be the CoG of the overall system, regardless of the state of the manipulator. Reference frames distribution on the aerial robot arm is shown in Fig. 3 . The rotation matrix R Φ , relevant with Euler angle Φ=[φ, θ, ψ] , transformation from body frame {B} to the inertial frame {I} is
where cθ is shorthand for cos θ, sθ is for sin θ, and others are in the similar way. The transformation matrix R r relates the Euler angle rateΦ and body angular rate
The position of UAV in frame {I} is p = [x, y, z], the corresponding velocity is v =ṗ, the mass is m, the quadrotor arm length is l, the inertia matrix is I = diag {I x , I y , I z }, and the gravitational acceleration g is 9.81ms −2 . Actually, as mentioned above, an aerial manipulator usually performs operations as the UAV platform is in hover flight. Therefore, its roll angle φ and pitch angle θ change in a small scale near zero, and it is reasonable to get cos φ ≈ 1, cos θ ≈ 1, sin φ ≈ φ ≈ 0, and sin θ ≈ θ ≈ 0 . So, the transformation matrix R r is approximately equal to a unit matrix. Then, the Euler angle rateΦ approximately equals to body angular rate Ω B . The aerial system is a six DOF rigid body described by three translational motions and three rotational motions, its corresponding dynamics is described as
where a i and b i are constants, 3 = l/I y , and b 4 = 1/I z . u 1 is the total thrust, u 2 , u 3 and u 4 are torque inputs for each attitude axis.
• Attitude control
To realize a stable hover flight, UAV s attitude needs to be adjusted all the time with help of controller. By using variable substitution method, the feedback linearization is applied to attitude dynamics (4) to acquire a linear attitude model [14] . The corresponding relationship between new input variables u * 2 , u * 3 , u * 4 and the original variables u 2 , u 3 , u 4 are
As parameters k 2 , k 3 , k 4 < 0, UAV s attitude stability can be guaranteed to be asymptotically stable [15] . And, a P controller u *
In the same way, the pitch and yaw transfer functions also can be obtained. By adjustment of the pair of parameters
, with the only limitation that the parameters k 2 , k 3 , k 4 < 0, making that ω n = lk P 3 I y , ζ = −k 3 /2 I y lk P 3 can be set as desired value to obtain the corresponding system dynamic performance.
• Altitude control
In practical flight application, UAV s altitude controller can be designed to be different from its horizontal position controller. And altitude control outputs the main part of the desired throttle as a UAV is in hover flight. By using variable substitution
altitude dynamics in (3) is transformed into
Then, by applying a PD controller u 
Similarly, the desired UAVs altitude dynamic response can be acquired by select appropriate controller parameters k P z and k D z . So far, with the help of above-designed attitude controller and altitude controller, the UAV can realize stable flight in the air. Nevertheless, if a UAV is expected to be hovering at a certain position in 3D space, the position controller is still necessary.
• Position control For UAV s horizontal position control, as a UAV is in hover flight, its main output is the desired attitude. Then, the inner attitude loop will track this desired values, and UAV s actual position will gradually get close to the target position in the tracking process. A PD controller is used to control UAV s horizontal position, making the xy accelerations u x and u y are calculated as
Meanwhile, the relationship between acceleration and attitude is obtained from (3), as
Then, the corresponding attitude angles are
A UAV s roll angle φ and pitch angle θ change in a small scale near zero as it is already controlled by attitude controller and altitude controller. In this case, u 1 in (7) is approximately equal to mg, that is
The UAV s heading ψ can be set as zero, leading to sin ψ = 0, cos ψ = 1. Meanwhile, the desired hover position can be anywhere in 3D space, so
So the translational dynamics in (3) can be simplified intö
In addition, UAV s velocity approximately equals to zero as in hover flight, that is,ẋ d ,ẏ d ≈ 0. Thus, equations in (12) are simplified as
So far, under the effects of attitude controller, altitude controller and position controller, the UAV can perform stable hover flight at a certain 3D point.
• Position response under external force As a UAV or an aerial manipulator does operations in the environment, contact is necessary. In this case, the contact force effect is firstly considered in the study. Then, as an external force F ext z exerts on the z-axis, from (8) the following can be got
Besides, z d is set to 0 as above mentioned, then the altitude response under the external force is
Similarly, when an external force F ext x exerts on the x-axis, or F ext y exerts on the y-axis, form (6) , (14) and (15) the x and y position responses under external forces are presented as
Although a multi-rotor UAV is under-actuated which has four inputs and six outputs, its attitude and altitude are directly controlled as shown in the dynamics (3) and (4) . From (17) and (18), it can be found that the position response of a stable hovering UAV behaves like a spring-mass-damper system [10] , no matter it is altitude or horizontal position. So, the altitude controller parameters, k P z and k D z , are spring-mass-damper system s stiffness and damping on the z-axis, and the whole UAV s mass is its mass. However, UAV s horizontal position is controlled by coupling with its attitudes. Thus, its x and y horizontal position responses are also related with attitude dynamics as shown in (18) . The stiffness, damping and socalled mass coefficients are composed of position controller parameters k
, as well as attitude controller parameters. In the meanwhile, all of these parameters above can be adjusted in order to change the spring-mass-damper system s stiffness and damping characteristics for aerial operations. In addition, based on (17) and (18), the corresponding force can be controlled by providing the desired position error, which is presented in next section.
III. CONTACT FORCE CONTROL
As an aerial manipulator does operations, such as transport, opening a drawer or digging a hole on the wall [16, 17] , it will interact with the environment, and then the contacting force appears in the process. The impedance control technique proposed by Hogan is one of the fundamental approaches for force tracking control of robot manipulators with constrained motion [11, 12] . Impedance control regulates the force between a manipulator and the environment by defining the target impedance between position and contact force. The desired force is indirectly controlled by pre-specifying a robot positional reference trajectory that is determined based on the stiffness and location of the environment [18] . This impedance control idea will be used in aerial manipulator contact force control. A UAV s close-loop position response under an external force behaves like a spring-mass-damper system as shown in (17) and (18) . That means a force exerting on UAV will push the body away from its equilibrium position, and if UAV s actual position deviates from the desired value, there will be a force applying on the contacting object or contributing to an acceleration as the UAV is in free flight. In this research, the contact force in the forward direction is studied. When a UAV is contacting the environment with a certain pitch angle, the relationships among the contact force F c , the throttle thrust u 1 and its gravity mg can be found in Fig. 4 , as
The contact force, a perpendicular force to vertical surfaces, can be calculated from (19-1) without using a force sensor, and in this case the UAV acts as the sensor s effect. In the meanwhile, the desired pitch angle can also be obtained from desired contact force and system gravity from . In addition, UAV s altitude controller and attitude controller output the desired throttle. The key point of impedance control algorithm is controlling position error in order to control the contact force ultimately. Based on this idea, the UAV s position error Δx = x d − x b is controlled to realize controlling the contact force, in which x d is the desired position and x b is the actual position of aerial platform. Although UAV s actual position is hard to change because of limitation by external environment, its desired position can be set arbitrarily. In this way, its position error can also be modified to produce desired throttle as a certain contact force is required.
Based on impedance control idea and the above derived spring-mass-damper system model, the UAV s position error is controlled to realize control the contact force, and its control block diagram is shown in Fig. 5 . Additionally, the servo is designed to be automatically controlled by Pixhawk autopilot to compensate pitch angle to ensure that the contact force is perpendicular to the vertical surface. 
IV. EXPERIMENTS
The proposed contact force control algorithm has been implemented on the aerial manipulator system as introduced in second II. The following experiments are carried out in Motive motion capture system, which provides position information indoors. As an aerial manipulator performs operation with outside environment, the whole process can be divided into four steps: approaching target, contacting with environment, contact force control and return to land, as shown in Fig. 6 [19] . And their corresponding system state curves are in Fig.  7∼9 . Figure 6 . The process of aerial operation in divided into four steps.
As the aerial manipulator is just contacting with the environment, vibration will happen and this brings more noise in force sensor shown in Fig. 8 in the time stage from 55s to 62s. And, a ramp force F d = 0.5N/s·t, (0 < t < 6) is used for state switching from position control mode to contact force control mode. Then, the desired contact force form is a trigonometric function, as F d = 2N·sin(0.1·t)+3N . The force sensor data in Fig. 8 shows the measured force is approximately equal to the desired force value as the system s big vibrations disappear, especially in the time stage from 90s to 120s. In addition, the system position error, expressed with the desired position and factual contact position, is shown in Fig. 7 , which is used to produce the desired thrust in the contact operation process. In order to compensate the UAV s pitch angle to ensure that the contact force is perpendicular to the vertical surface, the servo is automatically controlled by Pixhawk autopilot, and its control command from flight controller is shown in Fig. 9 . The result of these experiments shows that our developed aerial manipulator and the proposed contact force control method can control the contact force between its end-effector and the vertical object surface constantly as desired. 
V. CONCLUSION
In this paper, an aerial manipulator system consisting of a quadrotor UAV and a one-DOF manipulator is introduced. The hovering UAV acting as a spring-mass-damper system has been proved. Based on impedance control algorithm and the derived spring-mass-damper system model, the contact force control method is presented. Then actual flight experiments show that the developed system is enable to realize the contact force control without a force sensor. Although a force sensor is installed at the end of link rod, it can be removed in actual application. This aerial manipulator is expected to fulfill tasks in unstructured environment in the future, so environment perception and modeling is necessary in our future work.
